Objective: We sought to determine whether cumulative evidence of perinatal inflammation was associated with increased risk in a "multi-hit" model of neonatal white matter injury (WMI) 3) vs. OR 1.7 (95% CI 0.5-5.5)]. The greater the number of these three types of inflammation documented, the higher the risk of VE (P < 0.0001). Conclusion: Chronic placental inflammation, acute fetal inflammation, and neonatal inflammation-initiating illness seem to interact in contributing risk information and/or directly damaging the developing brain of newborns delivered very preterm.
Introduction
Observational studies [34, 84, 89, 91, 95] and experimental animal models [19, 30, 52, 53, 75, 85, 89, 90, 96] provide extensive evidence that neuroinflammation prompted by a fetal inflammatory response syndrome (FIRS) can damage the fetal brain [8, 33, 54] . Extremely preterm newborns with funisitis (umbilical cord inflammation), a histopathological landmark of the fetal inflammatory response, are also significantly more likely to have elevated blood concentrations of inflammation-related proteins on postnatal day 7 [49] . The fetus accordingly might be able to initiate an inflammatory response that persists or influences subsequent immune response after birth.
Amassing evidence indicates that extremely low gestational age newborns who develop intermittent or sustained systemic neonatal inflammation [18] are at significantly elevated risk of perinatal brain damage [26, 46, 50, 62, 63] . Systemic neonatal inflammation can also develop de novo in response to postnatal infection or other exposures unrelated to infection, such as mechanical ventilation [15, 20] . A study of extremely preterm newborns reported that the association between persistent or recurrent systemic neonatal inflammation and neurodevelopmental impairment is independent of postnatal inflammation-initiating illnesses [63] . Additionally, a combination of postnatal inflammation-initiating illnesses (bacteremia or necrotizing enterocolitis combined with those that require mechanical ventilation) was significantly associated with cognitive impairment when adjusting for markers of neonatal systemic inflammation.
In addition to acute inflammation, chronic inflammatory placental lesions have also been associated with indicators of perinatal brain damage, including intraventricular hemorrhage [2] and periventricular leukomalacia [37] . Yet, it remains unclear whether such risk varies according to the occurrence or absence of subsequent fetal and/or neonatal inflammation. In a multi-hit model of brain injury, it is possible that chronic inflammation may sensitize or predispose fetuses to be more vulnerable to subsequent inflammatory insults. It is also possible that the fetal inflammatory response promotes processes leading to systemic neonatal inflammation [49] and that this sensitizes the brain to be more vulnerable to subsequent inflammatory insults after birth [15] . Evidence from experimental studies supports this view. In rats and mice, neonatal lipopolysaccharide pre-treatment can sensitize the brain to be more vulnerable to subsequent hypoxic-ischemic injury [25, 86, 87] and excitotoxicity [74] . Evidence from an observational study also supports the potential for a two-hit model of brain injury to operate in extremely preterm newborns [48] .
In this study, we examine (i) to what extent chronic chorioamnionitis contributes information about the risk of neonatal white matter injury depending on the occurrence of histopathologic landmarks of the fetal inflammatory response (i.e., inflammation of the umbilical cord or placental surface vessels [39] ), (ii) whether risk information provided by evidence of a fetal inflammatory response differs according to the occurrence or absence of postnatal inflammation-initiating illnesses (i.e., bacteremia, surgical necrotizing enterocolitis/isolated bowel perforation, and those requiring mechanical ventilation), and (iii) whether there is evidence of a higher risk of WMI with greater cumulative evidence of perinatal inflammation.
Methods

Study design and participants
This retrospective cohort study includes very preterm (gestational ages at delivery < 32 weeks) singleton neonates cared for at Hutzel Women's Hospital, Detroit, MI, who underwent routine neurosonographic examination from 2006 to 2011. Each of these newborns was delivered of a mother who participated in research conducted by the Perinatology Research Branch of the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD). All patients provided written informed consent, and the use of clinical data for research purposes was approved by the Institutional Review Boards of NICHD and Wayne State University.
Histopathologic examination of the placenta: Microscopic analysis was performed by four pathologists who were blinded to clinical diagnoses and outcomes per standard protocols. This involved up to nine sections of the placenta, including at least two full thickness sections of the placental disc, two cord sections, and one membrane roll from the extraplacental membranes. At least one full thickness section was randomly taken from the center of the placenta [83] ; others may have been taken from the placental margin.
Chronic placental inflammatory lesions include chronic chorioamnionitis, deciduitis, and villitis of unknown etiology [37, 40, 45] . Chronic chorioamnionitis was diagnosed when lymphocytic infiltration into the chorionic trophoblast layer or chorioamniotic connective tissue was observed [38] . Chronic deciduitis was defined by either a diffuse lymphocytic infiltration of the deciduas or any infiltrate accompanied by plasma cells [37] . Villitis of unknown etiology (VUE) was defined as the presence of lymphohistiocytic infiltrate in varying proportion of the villous tree of the placenta [40, 66] .
Placental lesions consistent with maternal or fetal responses to amniotic fluid infection were diagnosed according to the criteria established by the Perinatology Section of the Society for Pediatric Pathology [67] . Lesions consistent with a maternal response include acute chorioamnionitis, whereas funisitis (i.e., histologic inflammation of the umbilical cord) and inflammation of the extraplacental membranes are consistent with a fetal inflammatory response (i.e., umbilical phlebitis/chorionic vasculitis; umbilical arteritis; concentric umbilical perivasculitis or intense chorionic vasculitis with recent non-occlusive chorionic vessel thrombi).
Postnatal inflammation-initiating illnesses:
Postnatal inflammation-initiating illnesses diagnosed in the first week of postnatal life included (1) early-onset neonatal infection, (2) surgical necrotizing enterocolitis, (3) meningitis, (4) invasive fungal infection, and (5) those that required invasive mechanical ventilation in the first week of life. These conditions were selected based on the knowledge that neonatal sepsis [4, 9, 15, 21, 41, 43, 51, 76, 82] , necrotizing enterocolitis or bowel injury [10, 14, 55, 59, 60, 83] , meningitis [5, 7, 22, 58] , as well as mechanical ventilation and its correlates [12, 15, 31, 42] is each associated with systemic inflammation.
Early-onset neonatal infection was diagnosed based on a positive blood culture in the first 72 h of life or on the presence of clinical symptoms without a positive blood culture requiring at least 5 days of intravenous broad-spectrum antibiotics in the first postnatal week [80] . Surgical necrotizing enterocolitis was defined as having a peritoneal drain or exploratory laparotomy performed as clinically indicated [81] . Neonates with suspected spontaneous intestinal perforation were excluded if they did not have any other inflammationinitiating illness as described above. Meningitis was diagnosed if the cerebrospinal fluid indicated a positive culture [80] , leukocytosis, increased protein concentration, or decreased glucose concentration [77, 78] .
White matter injury: Neurosonography was clinically obtained as part of routine care in the first 7-10 days of life, at 21-35 days, and at discharge or 36 weeks postmenstrual age, whichever came sooner. In addition, neonates with intracranial pathology were scanned weekly until the lesion remained stable or resolved. The following neurosonographic lesions were considered as evidence of WMI: (1) ventricular dilatation or ventriculomegaly (VE), (2) periventricular echolucent lesion (PVE), and (3) periventricular leukomalacia [6] (PVL).
The primary indicator of WMI was VE; PVE and PVL were examined as secondary outcomes. This distinction was based on the knowledge that VE is a more reproducible neurosonographic diagnosis than PVE [13, 61] and also on the small number of children who carried the diagnosis of PVL in this study. Ventriculomegaly was defined based on ventricular size on sagittal scan at the mid-body of the lateral ventricles [57] . Periventricular echogenicity included focal or diffuse areas of increased echogenicity surrounding the lateral ventricles. PVL included cystic lesions in the brain parenchyma [57] .
Statistical analysis
Binomial proportions with 95% confidence intervals (CI) and medians with interquartile ranges were calculated for categorical and arithmetic variables, respectively. Differences in distributions of arithmetic and categorical variables were respectively examined using the MannWhitney U-test and the χ 2 or Fisher's exact test, where appropriate. Logistic regression models were fit to examine magnitudes of association. Covariables considered as potential confounders included gestational age at delivery, as well as maternal age, race, nulliparity, pre-pregnancy body mass index, smoking status, preeclampsia, birth weight in the bottom decile of a US reference population [1] [i.e., small for gestational age (SGA)], and male sex. Multivariable model reduction was performed based on the change in main effect parameter estimates and on the statistical association between independent and dependent variables examined with respect to time order.
To account for potential model overfitting in light of small study group sizes when exploring a three-hit model, a priori analyses used bootstrap estimated linear shrinkage factors to calculate conservative regression estimates less likely to be affected by overfitting [79] . Firth's [27] penalized maximum likelihood estimation was also performed to resolve separation issues. Statistical significance was defined by 95% CIs that did not include the null estimate. Statistical analyses were performed using SAS version 9.3 (SAS Institute, Carry, NC, USA).
Results
Descriptive characteristics
A total of 425 live-born singleton newborns were delivered before the 32 nd week of gestation during the study period, each underwent neurosonographic examination as part of routine care. Table 1 shows the descriptive characteristics of the study population. The majority (85%) of participants were identified as African American, 56% were born via cesarean delivery, 13% were born SGA, and 13% expired before discharge.
Placental lesions
The presence or absence of histopathological placental lesions was recorded for 415 (98%) study participants.
Nearly half of the examined placentas had one or more chronic inflammatory lesion (n = 189, 46%); chronic chorioamnionitis was the most common of these lesions (n = 132, 32%) and VUE was the least common (n = 8, 2%). Pregnancies affected by chronic inflammatory lesions were significantly less likely to also be affected by acute chorioamnionitis [odds ratio (OR) 0.6, 95% CI 0.4-0.9].
Acute chorioamnionitis was diagnosed in 49% of the studied pregnancies; among them, 71% delivered fetuses with funisitis. Four additional cases of funisitis were diagnosed among pregnancies not affected by acute . Missing values are as follows: maternal age, n = 1; gender, n = 3; parity, n = 1; acute chorioamnionitis, n = 10; funisitis, n = 11; antenatal steroid, n = 12; magnesium sulfate, n = 45; antibiotics continued to 7 days, n = 9; postnatal steroid in first 7 days, n = 3.
chorioamnionitis. About half of the newborns with lesions consistent with a fetal inflammatory response had stage 2 inflammation of the umbilical arteries and/or umbilical vein (n = 76, 52%), whereas stage 1 acute chorionic vasculitis/umbilical phlebitis and stage 3 necrotizing funisitis were less common (n = 50, 35% and n = 19, 13%, respectively).
Neonatal inflammation-initiating illness
One or more neonatal inflammation-initiating illnesses were diagnosed in the first week of postnatal life in 62% (n = 265) of the study population. The prevalence of earlyonset sepsis, surgical necrotizing enterocolitis, and conditions that required invasive mechanical ventilation in the first postnatal week was 32%, 2%, and 37%, respectively. Meningitis was diagnosed in 7% (n = 28) of the study population, respectively.
White matter injury
Neurosonographic evidence of VE, PVE, and PVL was identified in 20% (n = 83), 21% (n = 88), and 4% (n = 15) of the study population, respectively. The median duration of hospitalization (days) among these neonates diagnosed with WMI was 66 days (interquartile range 38-96 days). Table 2 shows the magnitudes of association between each indicator of WMI with placental lesions and, separately, neonatal inflammation-initiating illness. Chronic chorioamnionitis was not associated with WMI. Newborns delivered of pregnancies affected by chronic deciduitis, however, were twofold more likely to develop VE and, separately, threefold more likely to develop PVL, each compared to newborns delivered in the absence of chronic deciduitis (OR 2.1, 95% CI 1.2-3.5; OR 3.0, 95% CI 1.03-8.8, respectively). However, multivariable adjustment for gestational age at delivery rendered these associations non-significant. Chronic villitis was associated with PVL only after adjustment for gestational age, although this association should be considered in light of the small number of newborns with this lesion in this sample.
Magnitudes of association
Acute chorioamnionitis, funisitis, and neonatal inflammation-initiating illness were each significantly associated with increased risk of VE. However, adjustment Adjusted models included gestational age at delivery as an independent variable. OR = odds ratio, aOR = adjusted odds ratio, CI = confidence interval. Less than ten placentas had evidence of chronic villitis; results specific to this lesion are not reported. Associations with italicized odds ratios and confidence intervals that do not cross '1' are statistically significant.
for gestational age rendered the association between funisitis and VE non-significant. In contrast, acute chorioamnionitis and neonatal inflammation-initiating illness were each significantly associated with about twofold greater risk of VE compared to newborns without these conditions, respectively, with and without adjustment for gestational age.
Informed by the associations shown in Table 2 , subsequent analyses focused on VE and not on PVE or PVL.
Two-hit model #1: combined or isolated occurrence of chronic chorioamnionitis and funisitis/chorionic vasculitis
The first two-hit model examined whether risk information provided by the presence of chronic chorioamnionitis differs depending on the occurrence of funisitis, a histopathological landmark of the fetal inflammatory response. Specifically, the risk of VE was examined between four study groups formed based on the combined or isolated occurrence of each condition: (1) neonates exposed to chronic inflammatory lesions of the placenta who also developed funisitis; (2) neonates exposed to chronic inflammatory lesions of the placenta who did not develop funisitis; (3) neonates unexposed to chronic inflammatory lesions who developed funisitis; and (4) neonates who neither were exposed to chronic inflammatory lesions nor developed funisitis. Figure 1A shows that the prevalence of VE was greatest among newborns with chronic chorioamnionitis who developed funisitis. Table 3 shows that these newborns were more than three times as likely to develop VE as neonates without either condition (OR 3.5, 95% CI 1.2-10.7), and the association strengthened while remaining statistically significant with multivariable adjustments for gestational age, and other potential confounders (maternal age, pre-pregnancy body mass index, smoking, nulliparity, presence and duration of pre-labor rupture of membranes, small for gestational age, and male sex). In contrast, neither chronic chorioamnionitis nor funisitis alone (i.e., unaccompanied by the other) was significantly associated with VE in this sample.
Two-hit model #2: combined or isolated occurrence of funisitis/chorionic vasculitis and chronic deciduitis
The second two-hit model examined whether risk information provided by chronic deciduitis varied according to the subsequent presence or absence of an acute fetal inflammatory response (funisitis or chorionic vasculitis).
In contrast with the two-hit model involving chronic chorioamnionitis, Figure 1B shows that there was little difference in risk between study groups who had either chronic deciduitis or funisitis, or both. Table 3 also shows that newborns delivered of pregnancies affected by chronic deciduitis who developed funisitis were not at elevated risk of VE, unlike those who had either of these conditions alone, relative to the referent group with none of these conditions.
Two-hit model #3: combined or isolated occurrence of funisitis/chorionic vasculitis and neonatal inflammationinitiating illness
The third two-hit model examined whether risk information provided by funisitis/chorionic vasculitis differed according to the subsequent occurrence or absence of neonatal inflammation-initiating illness. Figure 1C shows that the highest prevalence of VE was observed among newborns with funisitis who subsequently developed neonatal inflammation-initiating illness. These newborns were four times as likely to have VE as those without either condition (OR 4.3, 95% CI 1.9-9.6). In contrast, newborns with funisitis/chorionic vasculitis without subsequent inflammation-initiating illness were not at significantly greater risk of VE than neonates without these conditions (OR 2.0, 95% CI 0.7-6). In contrast, neonates without histologic evidence of an acute fetal inflammatory response who developed an inflammation-initiating illness were twofold as likely to have VE as newborns with neither of these two conditions (OR 2.7, 95% CI 1.3-6.0). These magnitudes of association were reduced, yet were in the same direction and had consistent statistical significance with multivariable adjustment for gestational age at delivery, and further for additional potential confounders (Table 3) .
Three-hit models: combined or isolated occurrence of chronic chorioamnionitis, funisitis/chorionic vasculitis, and neonatal inflammation-initiating illness
The odds of having VE modeled according to study groups representing the presence or absence of three types of inflammatory conditions are shown relative to newborns without any evidence of inflammation, adjusted for gestational age, in Table 4 . The first three-hit model involved chronic chorioamnionitis, funisitis, and neonatal inflammation-initiating illness. Newborns delivered of pregnancies affected by chronic chorioamnionitis who had histologic evidence of an acute fetal inflammatory response and later developed neonatal inflammation-initiating illness were nine times as likely to have VE as those without such evidence of inflammation. Newborns exposed to two of these three conditions were also at four-to six-fold greater risk of VE (Table 4) . Alternatively, in this sample, funisitis occurring in the absence of chronic chorioamnionitis and subsequent neonatal inflammation-initiating illness was not significantly associated with VE. The second three-hit model differed from the first by incorporating chronic deciduitis instead of chronic chorioamnionitis, along with funisitis and neonatal inflammation-initiating illness. None of these three inflammatory conditions, when occurring in isolation, was associated with elevated risk of VE in this sample (Table 4 ). In contrast, study groups with two or more types of inflammation (and more than 11 patients) were at three to four times greater risk of VE than newborns without these inflammatory conditions, adjusting for gestational age category. Figure 1D shows that the risk of VE increases with greater cumulative evidence of inflammation (chronic chorioamnionitis, funisitis, and neonatal inflammation-initiating Table 3 Two-hit models of the risk of ventriculomegaly depending on the presence or co-occurrence of chronic chorioamnionitis, funisitis/ chorionic vasculitis, and inflammation-initiating illness. Model I = unadjusted; model II = adjusted gestational age at delivery; model III = adjusted for gestational age at delivery, maternal age, prepregnancy body mass index, smoking, nulliparity, presence and duration of pre-labor rupture of membranes, small for gestational age, and male sex. Associations with italicized odds ratios and confidence intervals that do not cross '1' are statistically significant.
Cumulative sources of inflammation
Two-hit models
illness), irrespective of the timing of these conditions (Cochran-Armitage Trend Test, P < 0.0001).
Discussion
The principal findings of this study are as follows: (1) the contribution of chronic chorioamnionitis to elevated risk of ventriculomegaly depends on the occurrence or absence of an acute fetal inflammatory response, unlike chronic deciduitis; (2) the contribution of funisitis, a histological landmark of the fetal inflammatory response, to increased risk of ventriculomegaly similarly depends on whether or not subsequent neonatal inflammation-initiating illness occurs; and (3) irrespective of time order, newborns with two or more of the studied perinatal inflammatory conditions more frequently had VE than those with one or none of these conditions. These findings support the view that chronic placental and acute fetal inflammation may each prime the developing brain to be more vulnerable to subsequent inflammation (e.g., that occurring as a consequence of neonatal illness). Thus, it seems that initiators of chronic maternal inflammation, acute fetal inflammation, and neonatal inflammation-initiating illness might interact in contributing risk information and/or directly damaging the developing brain of newborns delivered very preterm.
Perinatal inflammation and brain damage
Microbial invasion of the amniotic cavity, intra-amniotic inflammation, and both chronic and acute inflammatory placental lesions are frequently present in patients with spontaneous preterm labor who deliver preterm [32, 44, 64, 69, 70, 72, 73, 88, [92] [93] [94] . Microorganisms in the amniotic cavity can attack the fetus, and this can initiate a systemic FIRS [33, 54, 84] , which can directly damage the brain [19, 30, 34, 52, 54, 84, 85, [89] [90] [91] 95] , and seems to promote tertiary damage mechanisms [28] . Intra-amniotic inflammation can also occur in the absence of a demonstrable microbial invasion of the amniotic cavity [71] . This may be a consequence of organisms that escape detection using current cultivation or molecular microbiological techniques (e.g., certain viruses). Alternatively, it is well recognized that immunologic "danger signals" [56] can elicit sterile inflammation. The immune system identifies these signals as "danger-associated molecular patterns" (DAMPs) (i.e., IL-1α and HMGB-1). Recent evidence supports that DAMPs can occur in the setting of intra-amniotic inflammation, either without Odds ratios (OR) are adjusted for gestational age and were estimated using Firth's penalized maximum likelihood estimation, and a bootstrap-derived linear shrinkage factor estimated by 1000 simulations was applied to estimate conservative regression coefficients. Data not reported owing to the small sample size. Associations with italicized odds ratios and confidence intervals that do not cross '1' are statistically significant.
bacteria or when the inflammatory process induced by bacteria has generated tissue damage [68] . Postnatally, systemic neonatal inflammation prompt ed by infectious or non-infectious illnesses is also associated with perinatal brain damage [16, 17, 63, 65] . Molecular mechanisms implicated in the pathogenesis of this damage include microglial activation and disturbances of apoptosis resulting in the arrest of oligodendrocyte maturation, and impaired neurogenesis, axonal growth, and synaptogenesis [16, 17, 36, 47, 54] .
Synthesis
Chronic and acute maternal, fetal, and neonatal inflammation, each have been associated with elevated risk of brain injury, yet, many preterm newborns exposed to these conditions escape brain damage. Why? We examined a multi-hit model to answer whether the risk of WMI differed according to the cumulative evidence of perinatal inflammation.
Our findings support the view that early inflammation may prime the developing brain to be more vulnerable to subsequent inflammation-inducing events and that the cumulative amount is indeed an important contributor of information about increased risk of perinatal brain injury. The basis for this hypothesis is the two-hit (or multi-hit) model of brain damage, in which an initial insult sensitizes or conditions the brain to be more vulnerable to a subsequent insult. In our case, chronic inflammation may be the first hit, an acute fetal inflammatory response the second, and neonatal inflammation-initiating illness may constitute a third. This view is supported by experimental evidence indicating that perinatal inflammation can sensitize the brain to be more vulnerable to subsequent insults [25, 74, 86, 87] .
Preclinical models have also shown that the timing of an inflammatory exposure may alter the course of subsequent brain injury [11, 24, 29, 35] . Subacute exposure to lipopolysaccharide (LPS) 24 h prior to a second noxious exposure (e.g., hypoxia-ischemia or further LPS exposure) in a rodent model lessened brain injury as compared with exposure to the second insult alone. In contrast, very acute (6 h prior) or remote exposures (72 h prior) intensified injury following the second exposure, even when sub-threshold (not of enough severity to cause injury alone) [24] . It is possible that chronic chorioamnionitis or funisitis/chorionic vasculitis identified on placental pathology at the time of birth may correspond to this subacute exposure, which might have contributed to neonatal white matter injury.
Assessing postnatal inflammation-initiating illnesses
The term "inflammation-initiating illness" was coined by other authors [63] to emphasize the difference between inflammation occurring in the context of postnatal illness and that which appears to be initiated by the fetus or neonate in response to intrauterine infection/inflammation. In this study, we considered bacteremia as well as other infections and conditions that required ventilation in the first week of postnatal life, as well as surgical necrotizing enterocolitis based on the knowledge that each is associated with systemic inflammation [4, 15, 21, 23, 41, 43, 51, 55, 60] . Nonetheless, direct measurement of postnatal systemic inflammatory markers would be desirable.
Strengths and limitations
The major strengths of this study include blinding of pathologists to obstetrical diagnoses and outcomes, use of standardized protocols for placental examination, use of statistical techniques designed for small sample size estimation, and definition of the study population by gestational age rather than by birth weight [3] . Limitations include the use of clinically obtained scans (without a central reader or assessment of inter-rater agreement), lack of information to classify severity of ventriculomegaly, and the possibility that some newborns may have developed WMI that was not detected. These findings may also be specific to like settings, given the high prevalence of VE in this study. Like all observational studies, timeordered relationships warrant confirmation and should be interpreted appropriately with respect to sample size.
Conclusion
Chronic placental inflammation, acute fetal inflammation, and neonatal inflammation-initiating illness might interact in contributing risk information and/or directly damaging the developing brains of newborns delivered very preterm. 
